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Efficient memory formation relies on the establish-
ment of functional hippocampal circuits. It has
been proposed that synaptic connections are refined
by neural activity to form functional brain circuitry.
However, it is not known whether and how hippo-
campal connections are refined by neural activity
in vivo. Using a mouse genetic system in which res-
tricted populations of neurons in the hippocampal
circuit are inactivated, we show that inactive axons
are eliminated after they develop through a competi-
tion with active axons. Remarkably, in the dentate
gyrus, which undergoes neurogenesis throughout
life, axon refinement is achieved by a competition
between mature and young neurons. These results
demonstrate that activity-dependent competition
playsmultiple roles in the establishment of functional
memory circuits in vivo.
INTRODUCTION
Thehippocampusplays a central role in the formation, consolida-
tion, and storage of explicit memory (Squire et al., 2004). The
hippocampal circuit (Figure 1B) consists of highly organized
unidirectional synaptic connections called the trisynaptic
pathway: from layer II neurons of the entorhinal cortex (EC) to
dentate gyrus (DG) granule cells to CA3 pyramidal cells to CA1
pyramidal cells to EC neurons (Amaral and Witter, 1989; Eichen-
baum, 2000; Squire et al., 2004; Witter et al., 1989). The hippo-
campus contains neurons termed place cells, whose firing rate
sharply increases when an animal moves through a particular
spatial location in an environment. Thus, the hippocampus is
hypothesized to formacognitivemapof an individual’s local envi-
ronment (O’Keefe and Nadel, 1978). Place cells are pyramidal
cells in CA1 and CA3, and granule cells in the DG. Place cell-
like firing patterns are also recorded from EC neurons (Fyhn
et al., 2004;Hafting et al., 2005). This suggests that the trisynaptic
pathway plays a critical role in the formation of a cognitive map
and spatial memory. Indeed, disruption of synaptic transmission1128 Neuron 70, 1128–1142, June 23, 2011 ª2011 Elsevier Inc.in particular connections in the trisynaptic pathway in rodents led
to impairedmemory formation (e.g., CA3-CA1 connections: Brun
et al., 2002; Nakazawa et al., 2002; Nakashiba et al., 2008; EC-
DG-CA3 connections: McHugh et al., 2007). In addition, synaptic
defects in the trisynapticpathwaymaybe involved in neurological
disorders. For example, the earliest pathology of Alzheimer’s
disease patients, whose first symptom is usually amnesia, is
the degeneration of EC neurons (Go´mez-Isla et al., 1996). This
suggests a critical role for the EC-to-DG connection in this
disease (Braak and Braak, 1991; deToledo-Morrell et al., 2004).
Therefore, the establishment of appropriate trisynaptic connec-
tions is essential for efficient learning and memory formation.
It has been proposed that in order to establish appropriate
synaptic connections, neural circuits are refined by neural
activity during development. Neural activity has been shown to
play important roles in the refinement of synapses in sensory
andmotor systems (Hashimoto and Kano, 2005; Katz and Shatz,
1996; Lichtman and Colman, 2000; Sanes and Lichtman, 1999;
Yu et al., 2004). Synapse refinement was first observed at the
neuromuscular junction (reviewed in Jansen and Fladby, 1990),
and later, it was found in other regions in the nervous system
such as the visual system and cerebellum (Kantor and Kolodkin,
2003; Lohof et al., 1996; Purves and Lichtman, 1980; Lorenzetto
et al., 2009). In each of these cases, target cells are initially inner-
vated by several axons frommultiple neurons, but they losemost
inputs and ultimately become strongly innervated by relatively
few axons. Synapse refinement in the sensory and motor
systems is clearly an activity-dependent process (Hashimoto
and Kano, 2005; Katz and Shatz, 1996; Lichtman and Colman,
2000; Sanes and Lichtman, 1999). By contrast, it is not clear
whether activity-dependent refinement controls the pattern of
synaptic connectivity in structures involved in spatial learning
and memory, such as the intrinsic circuitry in the mammalian
hippocampus. It has been shown that activity blockade during
synapse formation decreased functional synaptic inputs in
primary hippocampal cultures in vitro (Burrone et al., 2002).
However, because of a lack of appropriate systems that can
manipulate activity of specific neuronal populations in the hippo-
campus in vivo, the mechanisms of activity-dependent synapse
refinement in the hippocampus are poorly understood.
Here, to investigate the role of neural activity in the establish-
ment of hippocampal circuits in the mammalian brain, we have
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Figure 1. Elimination of Inactive EC Axons In Vivo, as Shown by Using a Mouse Genetic System
(A) Schematic of the tTA/tetO transgenic system. tTA lines (EC, DG-A, and DG-S lines), which have specific expression patterns of tetracycline-controlled
transactivator (tTA) in the entorhinal cortex (EC) or dentate gyrus (DG), are mated with tetO lines (nls-lacZ, tau-lacZ, and TeTxLC-tau-lacZ lines), which express
transgenes under the tTA-activated tetO promoter. Tetanus toxin light chain (TeTxLC) cleaves VAMP2 to inhibit synaptic release. Tau-lacZ labels axons, and nls
(nuclear localization signal)-lacZ labels nuclei.
(B) Illustration of the memory circuit. The memory circuit consists of unidirectional synaptic connections: from the EC to the DG to CA3 to CA1 to the EC.
(C to G) The tTA-EC mouse, in which tTA is expressed by about 43% of the superficial layer neurons of the medial EC, was mated with the tetO-tau-lacZ or
tetO-TeTxLC-tau-lacZ mouse. (C) A typical picture of a lacZ-stained DG section (horizontal) from an EC::tau-lacZ mouse at P9. The pictured area corresponds to
the boxed area in (B). LacZ-expressing medial EC axons run through the presubiculum (PrS) and project to the middle third of the molecular layer (ML) of the DG
(black signals). GCL, granule cell layer. Pictured areas in (F) and Figure 2B correspond to the boxed area in (C). (D and E) Evoked fEPSPs were recorded in acute
slices from the molecular layer of the DG of EC::TeTxLC-tau-lacZ and control littermates (P11–12). (D) Sample traces of fEPSP recordings. (E) Input-output
curves. Input-output relationships were measured by varying the stimulus input intensity and measuring the fEPSP slope. Data are mean ± SEM. Twenty-six
slices from EC::TeTxLC-tau-lacZ and twenty-five slices from control littermates, each from five mice, were used. The fEPSP slope was decreased in the
EC::TeTxLC-tau-lacZ mice relative to control littermates by 35%. p < 0.001 by two-way ANOVA. (F) Elimination of TeTxLC-expressing EC axons from the DG
after they develop. In both EC::tau-lacZ and EC::TeTxLC-tau-lacZ mice, EC axons reached the DG by P9. Active EC axons (in EC::tau-lacZ mice) increased and
remained in the DG from P12 to P21. However, inactive EC axons (in EC::TeTxLC-tau-lacZ mice) were eliminated between P12 and P18. (G) Quantification of the
amount of lacZ-expressing EC axons in the ML of the DG in EC::tau-lacZ and EC::TeTxLC-tau-lacZ mice at P12, P16, and P21. Intensities were normalized
against the intensity of corresponding P12 mice. Data are mean ± SEM. The numbers of mice used for analysis were: EC::tau-lacZ: P12, 12 mice; P16, 5 mice;
P21, 9 mice; EC::TeTxLC-tau-lacZ: P12, 7 mice; P16, 6 mice; P21, 8 mice.
See also Figure S1.
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Activity Refines Memory Circuits In Vivodeveloped a mouse genetic system in which restricted popula-
tions of neurons in the hippocampal circuit can be inactivated
by tetanus toxin light chain (TeTxLC) (Figure 1A). Using this
system, we examined whether and how neural activity organizes
the memory circuit in vivo. We identified two distinct modes of
activity-dependent refinement of hippocampal connectivity: we
show that (1) activity-dependent competition between mature
neurons refines EC and CA1 axons, and that (2) in the DG,
which undergoes neurogenesis throughout life, a unique form
of competition between mature and young neurons refines
DG axons. These results demonstrate that multiple forms of
activity-dependent competition play important roles in the es-
tablishment of functional memory circuits in vivo.
RESULTS
Establishment of a Genetic System to Examine the Role
of Activity in the Memory Circuit In Vivo
Our aim was to investigate the role of neural activity in the forma-
tion andmodification of memory circuits in themammalian brain.
For this, we established a transgenic mouse system (Figure 1A),
in which neural activity of specific neuronal populations in the
hippocampal circuit (Figure 1B) can be controlled in vivo. Two
kinds of transgenic mouse lines are used in our system (Mayford
et al., 1996): tTA (tetracycline transactivator) lines and tetO
(tetracycline operator) lines (Figure 1A). tTA lines express tTA
in specific neuronal populations in the memory circuit. The
tTA lines we used in this study express tTA in either EC or
DG+CA1 neurons. tetO lines express transgenes under the
control of the tetO. When the two lines are mated, transgenes
are induced in tTA-expressing neurons (Figure 1A). To inactivate
neurons, we used TeTxLC as a transgene. TeTxLC cleaves the
cytoplasmic domain of the synaptic vesicle protein VAMP2/syn-
aptobrevin2 to prevent the fusion of synaptic vesicles in presyn-
aptic terminals (Schiavo et al., 1992; Sweeney et al., 1995; Yu
et al., 2004). Inactivated axons can be visualized with coex-
pressed tau-lacZ (Figures 1A and 1C).
Inactive EC Axons Are Eliminated after They Develop
Using the systemwe have established (Figure 1A), we first exam-
ined the role of activity in the major input pathway from the
neocortex to the hippocampus—the connection from the medial
EC to the DG (Figure 1B) (Amaral and Witter, 1989; Squire et al.,
2004; vanGroen et al., 2003). The tTA-EC linewe used expresses
tTA in 43% of the superficial layer neurons of the medial EC (Ya-
suda andMayford, 2006), which send axons to themiddle third of
the molecular layer of the DG. This mouse wasmated with a tetO
line that expresses tau-lacZ alone (Yasuda and Mayford, 2006)
(EC::tau-lacZ) or a line that expresses tau-lacZ and TeTxLC (Yu
et al., 2004) (EC::TeTxLC-tau-lacZ) (Figure 1A). We first verified
the inhibition of synaptic transmission in EC::TeTxLC-tau-lacZ
mice by recording evoked field excitatory postsynaptic poten-
tials (fEPSPs) in the molecular layer of the DG in acute slices.
The input-output curves showed that the fEPSP slope of the
EC-DG pathway was decreased in the EC::TeTxLC-tau-lacZ
mice relative to control littermates by 35% at postnatal
day 11 (P11) (Figures 1D and 1E), while the fiber volley amplitude,
which represents the number of axons, was similar between1130 Neuron 70, 1128–1142, June 23, 2011 ª2011 Elsevier Inc.them (Figure 1D anddata not shown). This indicates that synaptic
transmission by tTA-expressing neurons in the EC::TeTxLC-tau-
lacZ line is effectively inactivated by TeTxLC.We then used these
mice to examine the developmental projection of active and
inactive EC axons in the EC transgenic lines. Both active
(EC::tau-lacZ) and inactive (EC::TeTxLC-tau-lacZ) EC axons
reached the DG between P6 and P9, as visualized by lacZ stain-
ing, without any aberrant projections (Figure 1F). This result
suggests that initial axon projections from the EC to the DG are
largely independent of synaptic neurotransmitter release.
In contrast, inactivation of EC axons resulted in their elim-
ination from the DG after they developed. Active EC axons
(EC::tau-lacZ) increased in the DG from P12 to P16 (Figures 1F
and 1G). However, inactive axons (EC::TeTxLC-tau-lacZ) were
quickly eliminated from the DG after P12, and very few remained
by P18 (Figures 1F and 1G). This axon elimination was likely initi-
ated by axon retraction (also see Figure 4), because (1) no
apparent cell death was detected in the EC at P18 (Figure S1B
available online), and (2) EC axons were still detected in the pre-
subiculum at P21 (Figure S1C). These results suggest that EC
axons are refined after P12 in an activity-dependent manner. In
EC::tau-lacZ mice, lacZ intensity decreased between P16 and
P21 by 25% (Figure 1G), suggesting that EC axons are refined
during normal development and that the elimination of inactive
axons in EC::TeTxLC-tau-lacZ mice reflects an exaggerated
instance of normal physiological refinement.
Inactive ECAxons Are Eliminated by Activity-Dependent
Competition with Active Axons
Since only 43% of the superficial layer neurons of the medial EC
express TeTxLC in EC::TeTxLC-tau-lacZ mice (Yasuda and
Mayford, 2006), there are two possible mechanisms for the elim-
ination of inactive axons: (1) inactivity per se drives axon elimina-
tion, or (2) they are eliminated via activity-dependent competition
with other active EC neurons. To distinguish between these
possibilities, we globally suppressed neural activity of EC axons
by injecting the sodium channel blocker tetrodotoxin (TTX)
(Burrone et al., 2002; Echegoyen et al., 2007) into the DG of
EC::TeTxLC-tau-lacZ mice once a day from P9 and analyzed the
elimination of TeTxLC-expressing EC axons at P12, P14, and
P16 (4, 6, or 8 days total of TTX injections) (Figure 2A). TTX injec-
tions markedly suppressed the elimination of TeTxLC-express-
ing EC axons between P12 and P16 (Figures 2B and 2C). There-
fore, the refinement of EC axons in the DG is mostly achieved by
an activity-dependent competition between EC neurons. The
result that TTX suppressed the elimination of TeTxLC-expressing
axons also implies that TeTxLC induced the elimination of axons
mainly by inhibiting local neural activity and not by damaging
axons or inducing cell death.
Generation of Two tTA Lines to Examine the Refinement
of DG Axons In Vivo
To understand spatial differences in activity-dependent refine-
ment of hippocampal circuits, we next examined the role of
activity in connections between DG and CA3 (Figure 1B). This
connection is unique in the hippocampus because it is continu-
ously renewed/added as a result of neurogenesis in the DG
throughout life (Gage, 2000; Lie et al., 2004; Ming and Song,
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Figure 2. Global Suppression of Neural
Activity Inhibits the Elimination of Inactive
EC Axons
(A) Schematic timeline of the experiment.
EC::TeTxLC-tau-lacZ mice were injected i.c.v.
with PBS or tetrodotoxin (TTX) every 24 hr fromP9
and their DGs were lacZ stained at P12, P14, or
P16 (4, 6, or 8 days total of PBS/TTX injections).
(B) PBS-injected mice showed the elimination
of TeTxLC-expressing axons between P12 and
P16. In contrast, TTX-injected mice maintained
TeTxLC-expressing axons.
(C) Quantification of the lacZ staining intensity in
the DG from results such as those shown in (B).
Intensities were normalized against the intensity
of P12 PBS-injected mice. Data are mean ± SEM.
The numbers of mice analyzed were: PBS: P12, 7
mice; P14, 6 mice; P16, 6 mice; TTX: P12, 8 mice;
P14, 7 mice; P16, 7 mice. Significant difference
from the age-matched PBS-injected mice at
*p < 0.01 by Student’s t test.
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Activity Refines Memory Circuits In Vivo2005). We generated two tTA lines that express tTA in dentate
granule cells (DGCs). We refer to these two lines as DG-S
(some) and DG-A (all) (Figure 3A; these lines also express tTA in
CA1, see Figures 8 and Figure S5). tTA-expressing cells
in these lines were identified by mating them with an nls-
lacZ reporter line (Mayford et al., 1996) (DG-S::nls-lacZ and
DG-A::nls-lacZ; Figure 3A), and the percentage of tTA-positive
cells was quantified by staining for b-gal and a mature neuronal
marker NeuN (Lie et al., 2004; Ming and Song, 2005) (Figures
3B and 3C). DG-S and DG-A lines differ in the percentage of
tTA-expressing mature DGCs: a moderate number of mature
DGCs express tTA in the DG-S line (37.1% ± 1.4%), while almost
all mature DGCs express tTA in the DG-A line (87.8% ± 4.2%)
(Figures 3A–3C). This difference in percentage of tTA-expressing
DGCs in the two lineswasmaintained fromP15 toP30 (Figure3A).
All b-gal-positive cells were NeuN positive, indicating that only
mature neurons express tTA (Figure 3B). When these tTA lines
are mated with the TeTxLC-tau-lacZ line (DG-S::TeTxLC-tau-
lacZ and DG-A::TeTxLC-tau-lacZ), about 37% of mature DGCs
should be inactivated in DG-S::TeTxLC-tau-lacZ, which makes
a competitive situation, whereas almost all mature DGCs should
be inactivated in DG-A::TeTxLC-tau-lacZ, resulting in a noncom-
petitive situation among mature DGCs. Indeed, input-output
curves of evoked synaptic responses showed that the fEPSP
slope of the DG-CA3 connections in DG-S::TeTxLC-tau-lacZ
and DG-A::TeTxLC-tau-lacZ mice were44% and80% lower,
respectively, than in control mice (Figures 3D and 3E), which is
consistent with the percentage of tTA-expressing DG neurons
in each transgenic line (Figure 3C). Using these two lines, we
examined activity-dependent refinement of DG axons.
Inactive DG Axons Are Retracted Regardless of the
Number of DG Mature Neurons That Are Inactivated
In the DG-S::TeTxLC-tau-lacZ line (competitive situation among
mature DGCs), TeTxLC-expressing DG axons projected into thestratum lucidum layer of CA3 by P12 (Figure 3F). Thus, similar to
EC-to-DG connections, initial axon projections from the DG to
CA3 were not dependent on synaptic release. At P20, TeTxLC-
expressing DG axons were diminishing from CA3, and at P25
and P30, very few axons were detected (Figure 3F). Therefore,
in DG-S::TeTxLC-tau-lacZ mice, inactive DG axons were elimi-
nated between P15 and P25.
In the DG-A::TeTxLC-tau-lacZ line (noncompetitive situation
among mature DGCs), TeTxLC-expressing DG axons also pro-
jected to CA3 by P12 (Figure 3G). Surprisingly, however, they
were also eliminated between P15 and P25 (Figure 3G). The
rate of inactive DG axon elimination was not affected by the
percentage of mature axons that were inactivated (Figure 3H).
This elimination was not just a developmental retraction but
was induced by synaptic inactivity, because in DG-A::tau-lacZ
mice (no TeTxLC), DG axons were maintained at P25 (Figure 3I;
quantification at P15 and P23 is shown in Figure 3J).
To further characterize the inactive axon elimination in DG-
A::TeTxLC-tau-lacZ mice, we visualized TeTxLC/tau-lacZ-ex-
pressing axons by staining with the antibody to b-gal. Confocal
microscopy revealed that at P15, TeTxLC-expressing axons
were intact at both the proximal and distal regions (Figure 4A).
At P20, the proximal region of TeTxLC-expressing axons ap-
peared still intact (Figure 4B, proximal). However, at the distal
region of TeTxLC-expressing axons, there were clear signs of
axon retraction: swollen axonal tips (retraction bulbs) and
remnants of axons (axosomes) (Figure 4B, distal). These features
resemble axon retraction observed during synapse elimination at
the neuromuscular junction (Bishop et al., 2004). Without
TeTxLC (DG-A::tau-lacZ), the distal region of DG axons re-
mained intact at P23 (Figure 4C).
We further examined themorphology of active and inactive DG
axons in DG-A::TeTxLC-tau-lacZ mice by sparsely labeling DG
axons with a lipophilic tracer, DiI. Inactive (TeTxLC/tau-lacZ-ex-
pressing) axons were identified by staining for b-gal. At P18,Neuron 70, 1128–1142, June 23, 2011 ª2011 Elsevier Inc. 1131
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Figure 3. Activity-Dependent Elimination of Inactive DG Axons in Two tTA Lines that Express tTA in Different Numbers of DG Neurons
(A) Developmental expression patterns of tTA in the DG of two tTA lines, DG-S and DG-A. Expression patterns were examined by mating the DG-S and DG-A
mouse with the nls-lacZ mouse. LacZ-stained horizontal sections between P15 and P30 are shown. Nuclei of tTA-expressing cells are stained in blue. In
DG-S::nls-lacZ mice, less than half of dentate neurons in the granule cell layer (GCL) express tTA, while in DG-A::nls-lacZ mice, almost all dentate neurons do.
Between P15 and P30, the percentage of tTA-expressing cells in the GCL was not changed in either transgenic mouse. ML, molecular layer.
(B) Immunostaining of DG sections fromDG-S::nls-lacZ andDG-A::nls-lacZmice for b-gal (green) andNeuN (red); nuclear DAPI staining is shown in blue. Pictured
areas correspond to the boxed areas in (A). b-gal-positive cells in the DG of both bitransgenic mice are NeuN positive, indicating that they are mature neurons.
Scale bar is 50 mm.
(C) Percentage of b-gal-positive neurons in the DG of DG-S::nls-lacZ and DG-A::nls-lacZ mice. Bars are mean ± SEM. Data are from eight (DG-S) and four (DG-A)
mice.
(D and E) Evoked fEPSPs were recorded in acute slices from CA3 of DG-A::TeTxLC-tau-lacZ, DG-S::TeTxLC-tau-lacZ, and control mice (P15–17). (D) Sample
traces of fEPSP recordings. (E) Input-output curves. Input-output relationships were measured by varying the stimulus input intensity and measuring the fEPSP
slope. Data are mean ± SEM. Thirty-two slices from DG-A::TeTxLC-tau-lacZ, twenty-two slices from DG-S::TeTxLC-tau-lacZ, and fifty-two slices from control
mice, each from at least five mice, were used. Relative to control mice, the fEPSP slope was decreased by 80% and 44% in the DG-A::TeTxLC-tau-lacZ and
DG-S::TeTxLC-tau-lacZ mice, respectively.
(F and G) Developmental elimination of inactive DG axons. DG-S (F) and DG-A (G) mice were mated with TeTxLC-tau-lacZ mice to inactivate tTA-expressing
neurons. Horizontal sections of the hippocampus fromP12 to P30were lacZ stained. In both bitransgenicmice, inactive axons from the DG neurons still projected
to CA3 by P12 (F andG). In DG-S::TeTxLC-tau-lacZmice, in which amoderate number of DG neurons express TeTxLC, inactive axons were eliminated by P25 (F).
In DG-A::TeTxLC-tau-lacZ mice, in which almost all DG neurons are inactivated, inactive axons were also eliminated by P25 (G).
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Activity Refines Memory Circuits In Vivoactive (b-gal/DiI+) DG axons formed many large mossy fiber
boutons with long extensions in CA3 (Figure 4D) (Amaral and
Dent, 1981). In contrast, inactive (b-gal+/DiI+) DG axons did
not have any large mossy fiber boutons (Figure 4D). These
results indicate that synaptic transmission plays an important
role in the refinement of mossy fiber synapses and that inactive
axons are retracted during development.
Is the elimination of inactive DG axons initiated by the death of
DG neurons? To address this question, we injected 5-bromo-2-
deoxyuridine (BrdU) into DG-A::TeTxLC-tau-lacZ mice at P7–8
to label newborn DGCs (Kee et al., 2002; Kokoeva et al., 2005)
and examined the number of surviving BrdU-positive cells at
P15, P20, and P25 (Figure 4E). All of the BrdU-labeled neurons
became NeuN positive mature neurons by P15 (Figure 4F),
consistent with earlier reports showing that DG neurons differen-
tiate very quickly during development (Amaral and Dent, 1981;
Hastings and Gould, 1999; also see Figure 7). The total number
of BrdU-positive cells in DG-A::TeTxLC-tau-lacZ mice was
similar to that in wild-type mice at P15 and P20 (Figure 4E). In
addition, at P20 there was no apparent increase in the number
of DG cells that are positive for activated caspase 3, a marker
for apoptosis (Figure S2). Since inactive DG axonswere being re-
tracted at P20 (Figure 4B), these results suggest that the retrac-
tion was not initiated by DG neuron cell death. After mossy
fiber elimination (P25), the number of BrdU-positive cells in
DG-A::TeTxLC-tau-lacZ mice was significantly decreased (Fig-
ure 4E). Therefore, TeTxLC-expressing inactive DG neurons
are eventually eliminated after axon retraction, which explains
diminished lacZ signals from the whole hippocampus at P25
and P30 in DG::TeTxLC-tau-lacZ mice (Figures 3F and 3G).
Inactive DG Axons Are Retracted as a Result of Activity-
Dependent Competition
The result that TeTxLC-expressing DG axons were eliminated
between P15 and P25 in DG-A::TeTxLC-tau-lacZ mice, in which
almost all mature DG neurons are inactivated (Figures 3G, 3H,
and 4B), implies that either (1) DG axons are refined in CA3 by
mechanisms other than activity-dependent competition, or (2)
axons of mature DGCs compete with an additional neuronal pop-
ulation. Todistinguishbetween these twopossibilities,weglobally
suppressed neural activity by administering TTX into the hippo-
campus of DG-A::TeTxLC-tau-lacZ mice and examined DG
axon elimination. We applied TTX by implanting TTX-containing
Elvax (Echegoyen et al., 2007) on the hippocampus at P15 (Fig-
ure S3A) and prepared horizontal sections at P23 (8 days total of
TTX application). TTX applications significantly inhibited the elim-
ination of inactive DG axons in DG-A::TeTxLC-tau-lacZmice (Fig-
ure 5B), as quantified in Figure 5C (see Figure S3B for methods).
Further quantitative analysis revealed that relative to P15 brains,
the staining intensities at P23 were 94% in DG-A::tau-lacZ (no(H) Quantification of the lacZ-staining intensity in the stratum lucidum layer of CA
Data aremean ± SEM. The numbers ofmice analyzedwere: DG-A::TeTxLC-tau-la
tau-lacZ: P12, five mice; P15, five mice; P20, five mice; P25, five mice.
(I and J)Maintenance of lacZ-expressing DGaxons in DG-A::tau-lacZ (no TeTxLC)
DG-A::tau-lacZ mice was lacZ stained. Active axons from DG neurons remained
were immunostained with the anti-b-gal antibody, and the staining intensity in the h
Bars are mean ± SEM. Data are from five mice.TeTxLC) mice, 27% in PBS-treated DG-A::TeTxLC-tau-lacZ
mice, and 70% in TTX-treated DG-A::TeTxLC-tau-lacZmice (Fig-
ure S3C). These results indicate that TTX effectively inhibited the
elimination of TeTxLC-expressing DG axons in DG-A::TeTxLC-
tau-lacZ mice. Therefore, the elimination of TeTxLC-expressing
axons in DG-A::TeTxLC-tau-lacZ mice, in which the vast majority
of mature DGCs express the transgene, is largely the outcome of
activity-dependent competition.
tTA Is Not Expressed by Young Neurons
in the tTA-DG Line
To identify axons that compete with TeTxLC-expressing axons in
DG-A::TeTxLC-tau-lacZ mice, we characterized tTA-expressing
neurons in the DG-A line. In the subgranular zone (SGZ) of the
DG, neurons are continuously generated throughout life (Gage,
2000; Lie et al., 2004; Ming and Song, 2005). In DG-A mice, all
tTA-expressing neurons were NeuN-positive mature neurons
(Figure 3B) and not Ki67-positive dividing neural progenitors in
the SGZ (Kee et al., 2002) (Figure 6A). In addition, almost all dou-
blecortin (DCX)-positive immature neurons located adjacent to
the SGZ (Kempermann et al., 2003) or calretinin-positive young
DGCs (Brandt et al., 2003; Kempermann et al., 2004; Ming and
Song, 2005; Li et al., 2009) failed to express tTA (Figures 6B
and 6C; 88.8% ± 0.12% of calretinin-positive DGCs do not
express tTA). These results raise the possibility that TeTxLC-ex-
pressing axons in DG-A::TeTxLC-tau-lacZ mice, which are of
mature DGCs, might be competing with axons of young, DCX/
calretinin-positive DG neurons during refinement.
Suppression of Neurogenesis Inhibits the Elimination
of Inactive DG Axons
To address the possibility that axons of mature DGCs are
competing with axons of young neurons during refinement, we
suppressed neurogenesis in the DG of DG-A::TeTxLC-tau-lacZ
mice by injecting the antimitotic reagent cytosine arabinoside
(AraC) intracerebroventricularly (Elmer et al., 2004; Kokoeva
et al., 2005) or intraperitoneally from P15 to P22 and examined
the elimination of TeTxLC-expressing axons. Intraperitoneal
(i.p.) AraC injections effectively blocked neurogenesis in the
DG as shown by the disappearance of Ki67-positive cells from
the DGC layer (Figure S4A) and the decrease in the number of
NeuN-negative young neurons in the DGC layer (Figure S4B).
As shown in Figures 6D and 6E, AraC injections dramatically
inhibited the elimination of TeTxLC-expressing axons in
DG-A::TeTxLC-tau-lacZ mice, suggesting that the suppression
of neurogenesis inhibits the inactive DG axon elimination.
To further confirm the role of neurogenesis in the refinement of
DG axons, we performed a similar experiment using temozolo-
mide (TMZ), a DNA-alkylating agent with fewer side effects
than AraC (see, e.g., Garthe et al., 2009), to suppress3 from P12 to P25. Data are shown as percentage of corresponding P12 mice.
cZ: P12, six mice; P15, fivemice; P20, fivemice; P25, fivemice; DG-S::TeTxLC-
mice during development. (I) A horizontal section of the hippocampus fromP25
in CA3 at P25. (J) Horizontal sections from P15 and P23 DG-A::tau-lacZ mice
ilus was quantified. Intensities are normalized against the intensity of P15mice.
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Figure 4. Elimination of Inactive DG Axons Is by Axon Retraction and Is Not Caused by DG Cell Death
(A and B) Representative confocal images of TeTxLC-expressing DG axons in the DG-A::TeTxLC-tau-lacZ line at P15 (A) and P20 (B). Fifty-micrometer-thick
horizontal vibratome sections were stained with the anti-b-gal antibody to visualize TeTxLC-tau-lacZ-expressing axons. Higher-magnification pictures of the
proximal and distal regions of the axons are shown in the bottom panels. At P20 (B), at the distal region of DG axons, there were retraction bulbs (arrowheads) and
remnants of axons (axosomes; asterisks), which are signs of axon retraction. Scale bars are 100 mm (top) and 10 mm (bottom panels).
(C) Confocal image of the distal region of DG axons in the DG-A::tau-lacZ line (no TeTxLC) at P23 (anti-b-gal staining). Without TeTxLC, the distal region of DG
axons remained intact at P23. Scale bar is 10 mm.
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Figure 5. Global Suppression of Neural Activity Inhibits the Elimina-
tion of Inactive DG Axons in Mice in Which Almost All DG Mature
Neurons Are Inactivated
(A) Schematic illustration of the hippocampus indicating the pictured area in
(B). (B) PBS- or TTX-containing Elvax was implanted on the hippocampus of
DG-A::TeTxLC-tau-lacZ mice at P15, and their hippocampi were stained with
the anti-b-gal antibody (green) at P23 to visualize TeTxLC-expressing axons
(8 days total of TTX-Elvax application). Nuclei were stained with DAPI (red). In
PBS-treatedmice, few TeTxLC-expressing axons remained in CA3 (arrows). In
contrast, in TTX-treated mice, many TeTxLC-expressing axons were main-
tained in CA3 (arrowheads). Scale bar is 50 mm. (C) Quantification of the
intensity of b-gal staining in the hilar region of PBS- or TTX-treated
DG-A::TeTxLC-tau-lacZ mice. Data are shown as percentage of PBS control.
Bars are mean ± SEM. Data are from six mice. Differs from the PBS-treated
mice at *p < 0.01 by Student’s t test. See also Figure S3.
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Activity Refines Memory Circuits In Vivoneurogenesis. We found that TMZ injections also effectively in-
hibited the elimination of TeTxLC-expressing DG axons in DG-
A::TeTxLC-tau-lacZ mice (Figures 6F and 6G). Relative to P15(D) Confocal images of DiI-labeled active and inactive DG axons in DG-A::TeTxLC
DG-A::TeTxLC-tau-lacZ mice and their DG axons were sparsely labeled with Di
(b-gal/DiI+) had many large mossy fiber buttons, whereas no large buttons we
(E and F) Wild-type (WT) and DG-A::TeTxLC-tau-lacZ mice (15 mice each) rece
Hippocampal sections were prepared at P15, P20, and P25 (fivemice per day for e
of BrdU-positive DG cells at P15, P20, and P25. Similar numbers of BrdU-labeled
inactive DG axons were being retracted (B), suggesting that inactive DG axon ret
DG-A::TeTxLC-tau-lacZ mice was significantly decreased at P25, suggesting tha
mean ± SEM. (F) Double staining for BrdU and NeuN of a DG section from DG-A::T
Scale bar is 20 mm. See also Figure S2.brains, the staining intensity at P23 was 75% in TMZ-treated
DG-A::tau-lacZ mice (Figure 6G and Figure S3C). In addition,
TMZ did not appear to affect the pattern of tau-lacZ protein
distribution (Figure S4D). These results further support an impor-
tant role of neurogenesis in DG axon refinement and suggest that
axons of mature DG neurons compete with those of young DG
neurons for activity-dependent refinement.
Note that TTX administration did not block neurogenesis (Fig-
ure S4C), indicating that the ability of TTX to inhibit inactive DG
axon elimination (Figures 5B and 5C) is likely due to global
activity suppression and not due to a secondary effect on neuro-
genesis. Interestingly, neurogenesis was enhanced in the DG of
DG-A::TeTxLC-tau-lacZ mice during axon refinement, as re-
flected by enhanced BrdU uptake (Figure 6H). Staining for DCX
indicated that neurogenesis was more robust in DG-
A::TeTxLC-tau-lacZ than DG-S::TeTxLC-tau-lacZ mice (Figures
6I and 6J), suggesting that the degree of axon competition/elim-
ination has an impact on neurogenesis in the DG.
Axons of Newborn DGCs Quickly Form Synapses in CA3
during Refinement
Suppressing neurogenesis from P15 to P22 efficiently inhibited
the elimination of inactive DG axons (Figures 6D–6G and Fig-
ure S3C). This implies that axons of DGCs born between P15
and P22 effectively compete with those of mature DGCs for
refinement. If so, newbornDGCs should promptly form synapses
in CA3 during refinement. To test this idea, we injected retrovirus
that expresses GFP into the DG (Kron et al., 2010) of wild-type
mice at P15 to label dividing DGC progenitors and examined
whether they send axons and form synapses in CA3 by P23 (Fig-
ure 7). We found that at P23, (1) the axons of DGCs born at P15
elongated through CA3 and reached the border between CA3
and CA1/2 (Figure 7A), (2) the axons formed numerous boutons
(20 per axon), even at the most distal regions of CA3 (Figures
7A and 7B), and (3) these boutons colocalized with the presyn-
aptic markers VGLUT1 and bassoon (Figure 7C). These results
indicate that the axons of DGCs born at P15 are synaptically
integrated by P23 to compete with mature axons.
AraC Does Not Inhibit the Elimination of Inactive CA1
Axons
To examine the specificity of the effect of AraC, we used
DG-S mice. In DG-S mice, tTA is expressed by mature DGCs
(37.1% ± 1.4%; Figures 3B and 3C) and CA1 neurons
(48.2% ± 3.3%; Figure S5). Using DG-S::TeTxLC-tau-lacZ
mice, we addressed whether AraC specifically inhibits the elim-
ination of inactive DG axons or also affects the elimination of
inactive CA1 axons. If the effect of AraC is through the-tau-lacZ mice. Hippocampal sections (100 mm thick) were prepared from P18
I. The sections were stained for b-gal to identify inactive axons. Active axons
re found in inactive axons (b-gal+/DiI+). Scale bar is 10 mm.
ived a single injection of BrdU (300 mg/kg) at P7–8 to label dividing DG cells.
ach genotype) and stained for BrdU to evaluate DGcell survival. (E) The number
DG neurons were found in WT and DG-A::TeTxLC-tau-lacZ mice at P20 when
raction was not caused by DG cell death. The number of BrdU-positive cells in
t inactive DG neurons were eventually eliminated after axon retraction. Bars are
eTxLC-tau-lacZ mice (P15). All BrdU-labeled DG neurons were NeuN positive.
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Figure 6. Suppression of Neurogenesis
Inhibits the Elimination of Inactive DGAxons
in Mice in Which Almost All DG Mature
Neurons Are Inactivated
(A) Double staining of the DG from P20 DG-A::nls-
lacZ mice for b-gal (red) and a dividing cell marker
Ki67 (green). The cell layer with Ki67-positive cells
(subgranular zone, SGZ; arrowheads) did not
contain b-gal-positive cells.
(B and C) Double staining of the DG from
DG-A::nls-lacZ mice for b-gal (red) and the young
dentate granule cell markers doublecortin (DCX;
green; B) or calretinin (green; C). Most DCX- and
calretinin-positive cells do not express b-gal.
(D–G) DG-A::TeTxLC-tau-lacZ mice were injected
with PBS, AraC (D and E), or TMZ (F and G) from
P15 to P22 (8 days total) and their DGs were
stained with the anti-b-gal antibody (green) at P23.
Nuclei were stained with DAPI (red). (D and F)
PBS-injected mice eliminated b-gal-positive
inactive axons (arrows indicate few remaining
axons), but AraC- or TMZ-injected mice retained
them (arrowheads). (E) Quantification of the b-gal
immunostaining intensity in the hilar region of
PBS- and AraC-treated DG-A::TeTxLC-tau-lacZ
mice. Data are shown as percentage of PBS
control. Bars are mean ± SEM. Data are from five
mice. Differs from the PBS-injected mice at *p <
0.01 by Student’s t test. (G) Quantification of the
b-gal immunostaining intensity in the hilar region of
PBS- and TMZ-treated DG-A::TeTxLC-tau-lacZ
mice (P23) and nontreated DG-A::TeTxLC-tau-
lacZ mice (P15). Data are shown as percentage of
P23 PBS control. Bars are mean ± SEM. The
numbers of mice analyzed were as follows: P23
PBS, six mice; P23 TMZ, seven mice; P15, five
mice. Differs from the PBS-injected mice at *p <
0.01 by ANOVA.
(H) Increased neurogenesis in DG-A::TeTxLC-tau-
lacZ mice. BrdU (100 mg/kg) was injected into
DG-A::TeTxLC-tau-lacZ andWT litters fromP15 to
P22 (8 days total) to label newly generated neurons
in the DG. Horizontal brain sections from P23
animals were stained for BrdU (green) and DAPI
(blue).
(I and J) Doublecortin (DCX) staining of DG
sections from P23 WT, DG-S::TeTxLC-tau-lacZ,
and DG-A::TeTxLC-tau-lacZ mice. Nuclei were
stained with DAPI (blue). (J) Quantification of the
DCX staining intensity in the GCL. Data are shown
as percentage of WT. Bars are mean ± SEM. Four
mice were analyzed in each group.
Scale bars are 50 mm. See also Figure S4.
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Activity Refines Memory Circuits In Vivosuppression of neurogenesis, the elimination of inactive CA1
axons should not be affected. In DG-S::TeTxLC-tau-lacZ mice,
axons of TeTxLC-expressing DG and CA1 neurons were both
eliminated between P15 and P25 (Figure 3F and Figure 8A). After
P25, very few TeTxLC-expressing axons were observed in both1136 Neuron 70, 1128–1142, June 23, 2011 ª2011 Elsevier Inc.regions. On the other hand, DG-S::tau-
lacZ mice (no TeTxLC) maintained b-gal-
expressing axons of DG andCA1 neuronsat P25 (Figure 8C). Thus, in DG-S mice, DG and CA1 axons are
refined in an activity-dependent manner between P15 and P25.
We administered AraC daily (i.p. injection) from P15 to P22
(8 days total) into DG-S::TeTxLC-tau-lacZ mice. AraC injections
inhibited the elimination of TeTxLC-expressing DG axons, but
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C Figure 7. Dentate Granule Cells Born at P15
Send Axons and Form Synapses in CA3
by P23
(A) GFP-expressing retrovirus was injected into
the DG of WT mice to label DGC progenitors at
P15, and horizontal sections of the hippocampus
were prepared at P23. GFP-positive mossy fibers
with numerous large boutons extend to the CA3-
CA1/2 border.
(B) Representative large boutons of GFP-positive
mossy fibers. Boutons in the CA3a (distal) and
CA3b (medial) areas are shown. In both areas,
many morphologically mature, large synaptic
boutons are observed.
(C) GFP-positive mossy fiber boutons colocalize
with presynaptic markers VGLUT1 and bassoon.
Scale bars are 20 mm (A), 10 mm (B), and 2 mm (C).
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Activity Refines Memory Circuits In Vivonot that of TeTxLC-expressing CA1 axons (Figure 8D). Therefore,
the effect of AraC is specific to DG axons, which is consistent
with the fact that neurogenesis is specific to the DG in the
hippocampus.
Activity-Dependent Competition of DG Axons
Is between Axons of Mature and Young Neurons
Finally, using DG-S mice, we addressed whether the DG axon
refinement is mainly achieved by competition between mature
and young DG axons or also by competition between mature
and mature axons. In DG-S mice, tTA is expressed only by
37.1% ± 1.4% of mature DGCs (Figures 3B and 3C). If competi-
tion between mature and mature neurons equally contributes to
refinement, AraC injections should not inhibit inactive axon elim-
ination in the DG-S::TeTxLC-tau-lacZ line, which contains both
active and inactive mature DGCs. Interestingly, however, AraC
injections (from P15 to P22) inhibited the elimination of
TeTxLC-expressing DG axons in DG-S::TeTxLC-tau-lacZ mice
(Figures 8D and 8E) as effectively as in DG-A::TeTxLC-tau-lacZ
mice (Figures 6D and 6E). This suggests that the activity-depen-
dent competition of DG axons is largely between axons of
mature and young neurons.
To further confirm that young neurons drive inactive axon elim-
ination in the DG, we utilized nestin-tk animals, in which herpes
simplex virus thymidine kinase is expressed under the control
of the nestin enhancer to drive expression in neural progenitors
(Singer et al., 2009). In this animal, administration of ganciclovir
efficiently and specifically kills neural progenitors. We mated
nestin-tk mice with DG-S::TeTxLC-tau-lacZ mice, injected gan-
ciclovir from P15 to P22, and analyzed their hippocampi atNeuron 70, 1128–114P23. As shown in Figures 8F and 8G,
conditional ablation of neurogenesis
almost completely blocked (92%) the
elimination of TeTxLC-expressing inac-
tive axons, indicating that competitive
refinement of DG axons is preferentially
driven by young DG axons.
Together, these results strongly
support the conclusion that activity-dependent competition in the DGmainly occurs betweenmature
and young DGCs during postnatal development in vivo. Hence,
while synapse refinement in different hippocampal subregions
involves activity-dependent competition, distinct mechanisms
are utilized in different regions.
DISCUSSION
Activity-Dependent Refinement of Memory Circuits
In Vivo
Neural activity has been shown to play important roles in the
formation and refinement of efficient circuits in the sensory-
motor systems and in the cerebellum (Buffelli et al., 2003; Hashi-
moto and Kano, 2005; Hua et al., 2005; Katz and Shatz, 1996;
Lichtman and Colman, 2000; Sanes and Lichtman, 1999; Yu
et al., 2004). However, while activity-dependent changes in
synaptic connectivity have been shown to occur in cultured
hippocampal neurons (Burrone et al., 2002), activity-dependent
refinement of memory circuits in vivo has not been examined.
Here, we have established a mouse genetic system, where
restricted populations of neurons in the hippocampal circuit
can be inactivated. Using this system, we have examined the
role of neural activity in the formation of appropriate hippo-
campal connections in vivo. We have shown that inactive EC
and DG axons still reached their correct target, but that they
were soon eliminated by activity-dependent competition with
active axons. These results demonstrate that functional memory
circuits in the mammalian brain are established as a result
of activity-dependent competition between axons after their
development.2, June 23, 2011 ª2011 Elsevier Inc. 1137
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Figure 8. Suppression of Neurogenesis
Inhibits the Elimination of Inactive DG
Axons, but Not That of Inactive CA1 Axons,
in Mice in Which Some Mature DG and CA1
Neurons Are Inactivated
(A) Developmental elimination of inactive DG
and CA1 axons in DG-S::TeTxLC-tau-lacZ mice
(P15–30), in which tTA/TeTxLC are expressed by
a moderate number of mature DG and CA1
neurons. Horizontal hippocampal sections of
DG-S::TeTxLC-tau-lacZ mice were stained with
the anti-b-gal antibody (green). Nuclei were
stained with DAPI (red). Pictured areas corre-
spond to the boxed areas in (B). At P15, inactive
DG and CA1 axons were present (arrowheads) in
the hippocampus, but they were markedly
reduced by P25 in both DG and CA1 regions.
GCL, granule cell layer; StR, stratum radiatum;
StP, stratum pyramidale; StO, stratum oriens. (B)
Schematic illustration of the hippocampus indi-
cating pictured areas (DG and CA1) in (A), (C), (D),
and (F). (C) Immunostaining of the hippocampus
of P25 DG-S::tau-lacZ mice with the anti-b-gal
antibody (green). Active axons were maintained in
both the DG and CA1 at P25. Arrowheads indicate
b-gal-positive axons. (D and E) DG-S::TeTxLC-
tau-lacZ mice were injected with PBS or AraC
from P15 to P22 (8 days total) and their hippo-
campi were stained for b-gal (green) at P23. (D) In
PBS-injected mice, inactive axons were elimi-
nated in both DG and CA1 areas. In AraC-injected
mice, inactive axons were maintained in the DG
(arrowheads), but not in CA1. Arrows indicate the
location of axons. (E) Quantification of the b-gal
staining intensity in P23 PBS- or AraC-injectedDG
of DG-S::TeTxLC-tau-lacZ mice. Data are shown
as percentage of PBS control. Bars are mean ±
SEM; nine mice for each condition. Differs from
the PBS-injectedmice at *p = 0.018 by Student’s t
test. (F and G) DG-S::TeTxLC-tau-lacZ mice
were mated with nestin-tk transgenic mice (DG-
S::TeTxLC-tau-lacZ::nestin-tk). DG-S::TeTxLC-
tau-lacZ::nestin-tk mice were injected with gan-
ciclovir to suppress neurogenesis (P15 to P22).
DG-S::TeTxLC-tau-lacZ mice (control) also re-
ceived ganciclovir. Sections from P23 brains were
stained for b-gal to visualize TeTxLC-expressing
inactive axons (green). (F) In DG-S::TeTxLC-tau-
lacZ mice, inactive axons were eliminated in both
DG and CA1 areas. In contrast, in DG-S::TeTxLC-
tau-lacZ::nestin-tk mice, inactive axons were
maintained in the DG (arrowheads), but not in
CA1. (G) Quantification of the b-gal staining
intensity in the DG of P23 DG-S::TeTxLC-tau-lacZ
and DG-S::TeTxLC-tau-lacZ::nestin-tk mice.
Data are shown as percentage of DG-S::TeTxLC-
tau-lacZ. Bars are mean ± SEM; four mice for
each genotype. Differs from the DG-S::TeTxLC-
tau-lacZ mice at *p < 0.001 by Student’s t test.
Scale bars are 50 mm. See also Figure S5.
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Activity Refines Memory Circuits In VivoRole of Action Potential-Dependent and -Independent
Activity
We have shown that TTX, which blocks action potentials (APs),
efficiently inhibited the elimination of inactive axons. This indi-1138 Neuron 70, 1128–1142, June 23, 2011 ª2011 Elsevier Inc.cates that APs play critical roles in synapse elimination, and
strongly suggests that axons are refined by a spike activity-
dependent competition. It would be interesting to identify the
specific developmental windows over which TTX can prevent
Neuron
Activity Refines Memory Circuits In Vivoinactive axons from being retracted. Another fascinating process
to investigate is a role for correlated firing between presynaptic
and postsynaptic neurons. It is possible that correlated firing
contributes to refinement of hippocampal circuits, as it does in
the visual system (Hata et al., 1999; Ruthazer et al., 2003). Future
approaches to address this question include examining inactive
(TeTxLC-expressing) axon elimination in our transgenic mice
after suppressing postsynaptic neurons with GABA receptor
agonists, glutamate receptor antagonists, or the inward recti-
fying potassium channel Kir2.1.
In addition, our results suggest that spike activity-independent
mechanisms, such as miniature neurotransmission, might also
be involved in activity-dependent refinement of hippocampal
circuits. TeTxLC prevents the fusion of synaptic vesicles, and
thus blocks both AP-dependent and AP-independent synaptic
release. Interestingly, TTX, which does not inhibit AP-indepen-
dent synaptic release, did not appear to completely inhibit the
elimination of TeTxLC-expressing axons in EC::TeTxLC-tau-
lacZ and DG-A::TeTxLC-tau-lacZ mice. Relative to P12 brains,
the lacZ intensities at P16 were 124% in EC::tau-lacZ (no
TeTxLC) mice and 95% in TTX-treated EC::TeTxLC-tau-lacZ
mice (Figures 1G and 2C). Relative to P15 brains, the staining
intensities at P23 were 94% in DG-A::tau-lacZ (no TeTxLC)
mice and 70% in TTX-treated DG-A::TeTxLC-tau-lacZmice (Fig-
ure S3C). Thus, AP-independent neurotransmitter release might
also contribute to axon refinement. The neurotransmission that is
important for activity-dependent refinement in neural circuits is
typically assumed to be driven by presynaptic spiking. However,
AP-independent neurotransmitter release (i.e., miniature neuro-
transmission) has been shown to play a role in activity-depen-
dent input stabilization (Saitoe et al., 2001; McKinney et al.,
1999; Sutton et al., 2006). It will be interesting to examine the
role of miniature neurotransmission in synapse refinement in
the hippocampus.
Neurogenesis and Activity-Dependent Refinement
of DG Axons
While our results suggest that activity-dependent competition is
a general principle of circuit refinement in the hippocampus, we
also found a unique form of competition between DG axons in
the refinement of the DG-CA3 projection. We conclude that
activity-dependent competitions in DG-CA3 connections occur
mostly between axons of mature and young DGCs because (1)
blocking neurogenesis with AraC or nestin-tk effectively inhibited
the elimination of inactive axons in DG-S::TeTxLC-tau-lacZ
mice, in which only 37% of mature DGCs express TeTxLC
(Figures 8D–8G), (2) the rate of inactive DG axon elimination
was not affected by the percentage of mature axons that were
inactivated (Figure 3H), and (3) newborn DGCs rapidly form
synapses in CA3 during refinement (P15 to P23; Figure 7).
The number of large boutons formed in CA3 by P23 by a DGC
born at P15was20 (Figures 7A and 7B), which ismore than that
of a mature DGC (11–15; Acsa´dy et al., 1998). In addition, in
DG-A::TeTxLC-tau-lacZ mice, in which many mossy fiber syn-
apses are inactivated, neurogenesis was significantly enhanced
during refinement: 15% of total DGCs present at P23 were
born between P15 and P22 (Figure 6H). Therefore, it appears
that young DGCs promptly form sufficient synapses in CA3 toefficiently eliminate inactive synapses of mature DGCs during
refinement. While our study focused on competition in CA3, it
would be intriguing to examine whether competition takes place
not only in CA3, but also in the hilus.
Taken together, our results demonstrate that, during develop-
ment, young DG neurons compete with mature DG axons effec-
tively. This may explain how newly generated young DG neurons
are efficiently integrated into preexisting circuitry in adults
(Ge et al., 2006; Toni et al., 2008). Whether this form of compe-
tition and refinement occurs in the adult DG is an important
next question to be answered.
Converging lines of evidence now suggest that DG neurogen-
esis is essential for several types of learning, memory formation,
and emotional processing (Doetsch and Hen, 2005; Kemper-
mann et al., 2004; Lledo et al., 2006; Santarelli et al., 2003; Shors
et al., 2001; Kitamura et al., 2009). In addition, adult-born DGCs
during an immature stage of development are shown to play
important roles in learning and memory (Deng et al., 2009).
These results may imply that the activity-dependent competitive
refinement of the DG-CA3 projection we have identified might
contribute to cognitive functions requiring rapid and efficient
circuit integration of newborn DGCs.
EXPERIMENTAL PROCEDURES
Animal Care
All animal care and usewas in accordancewith institutional guidelines andwas
approved by the University Committee on Use and Care of Animals.
tTA/tetO Transgenic Mice
tTA-EC (Yasuda andMayford, 2006), tetO-nls-lacZ (Mayford et al., 1996), tetO-
tau-lacZ (Yasuda and Mayford, 2006), and tetO-TeTxLC-tau-lacZ (Yu et al.,
2004) lines were described previously.
tTA-DG lines were generated using a BAC clone 394B7 (Invitrogen) that
includes theSIRPagene.Weused this clone becauseSIRPaproteins are highly
expressed in the hippocampus (data not shown; Comu et al., 1997). The tTA
gene was introduced upstream of the translation initiation site of the SIRPa
genebyahomologous recombination inE. coliasdescribedpreviously (Yasuda
andMayford, 2006). Generated transgenic lines were screened to identify lines
that express tTA in theDGbymating themwith the tetO-nls-lacZ transgenic line.
tTA and tetO lines were mated to generate bitransgenic mice. Bitransgenic
mice were identified by genomic PCR and used for the experiments.
LacZ Staining
To visualize axons expressing tau-lacZ, 200 mm thick horizontal sections of the
hippocampus were prepared with a tissue chopper (Stoelting). Sections were
incubated with X-gal solution (5mMpotassium-ferricyanide, 5mMpotassium-
ferrocyanide, 2 mM MgCl2, 0.1% X-gal) for 2 hr at 37
C. After the incubation,
tissues were fixed with 4% paraformaldehyde (PFA)/phosphate-buffered
saline (PBS) for 16 hr. For nls-lacZ staining, mouse brains were rapidly frozen
in OCT embedding compound (Richard-Allan Scientific). Twenty-micrometer
horizontal sections were cut on a cryostat and mounted onto microscope
slides, fixed in 2% PFA/PBS for 2 min on ice. Fixed sections were washed
twice with PBS and incubated with X-gal solution for 3–5 hr at 37C. X-gal
stained slides were counterstained with Nuclear Fast Red.
Immunohistochemistry
Immunohistochemistry was performed as described (Umemori et al., 2004;
Terauchi et al., 2010). Mice were euthanized and perfused transcardially with
PBS followed by 4% PFA/PBS. Brains were removed and postfixed with 4%
PFA/PBS for 16 hr. After cryoprotection in 30% sucrose, brains were frozen
in OCT embedding compound. Sixteen-micrometer horizontal sections were
cut on a cryostat and stored at 80C until use. Sections were blocked inNeuron 70, 1128–1142, June 23, 2011 ª2011 Elsevier Inc. 1139
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the incubation with primary antibodies at 4C for 16 hr in the same solution.
Sections were washed in PBS and secondary antibodies were applied in
PBS for 1 hr. Nuclei were stained with DAPI. Antibodies and dilutions used
were: b-gal (Sigma, 1:500), NeuN (Chemicon, 1:1000), calretinin (Millipore,
1:500), DCX (Santa Cruz, 1:200), Ki67 (Thermo scientific, 1:200), VGLUT1 (Milli-
pore, 1:4500), and bassoon (Assay Designs, 1:500). Stained sections were
observed with an epifluorescence or confocal microscope (Olympus).
Electrophysiological Recording
Hippocampi were isolated from P11–12 (EC lines) or P15–17 (DG lines) mice,
and 400 mm transverse slices were cut using a tissue chopper. Slices were
then allowed to recover in an interface chamber for a minimum of 2 hr at
25C. For field recordings, slices were placed in a chamber and perfused
constantly with oxygenated artificial cerebral spinal fluid (aCSF) heated to
27C–28C. aCSF contained (in mM) 119 NaCl, 2.5 KCl, 1 Na2PO4, 26.3
NaHCO3, 11 glucose, 1.3 MgSO4, and 2.5 CaCl2. To obtain input-output
curves, fEPSPs were stimulated using a cluster electrode (FHC). For the EC
line recording, both the stimulating electrode and the recording electrode (con-
taining 3 M NaCl) were placed in the molecular layer of the DG. For the DG line
experiments, the stimulating electrode was placed in the hilus of the DG and
the recording electrode was placed in the stratum radiatum of CA3. Res-
ponses were collected with a MultiClamp 700B amplifier (Axon Instruments)
and analyzed using Clampfit software (Axon Instruments). Statistical signifi-
cance was determined using a two-way ANOVA.
BrdU Labeling and Immunohistochemistry
To examine DG cell survival (Figures 4E and 4F), wild-type and DG-A::TeTxLC-
tau-lacZ mice (15 mice each) received a single injection of BrdU (300 mg/kg) at
P7–8. Mice were perfused with 4% PFA/PBS at P15, P20, and P25 (five mice
for each day per each genotype). Their brains were postfixed with 4% PFA/
PBS for 16 hr, cryoprotected in 30% sucrose, and frozen in the OCT embedding
compound. Fifty-micrometer horizontal sections were cut with a cryostat and
placed in PBS (floating). Every sixth section was incubated with 2 M HCl for
30min at 37C,washed in 0.1M Tris buffer (pH 8.0) for 10min, andwashed three
times in PBS for 3 min. Sections were then blocked in 2%BSA, 2% goat serum,
and 0.1% Triton X-100 in PBS for 1 hr, and incubated with the anti-BrdU
(rat monoclonal; 1:400 Chemicon) and NeuN antibody at 4C for 16 hr. After
washing in PBS, sections were incubated with the goat anti-rat Alexa Fluor 488
andgoatanti-mouse IgG1AlexaFluor 568secondaryantibodies for 1hr. Sections
were washed again in PBS andmounted on slideswith Prolong antifade reagent
(Invitrogen). BrdU-labeled cells in the granule cell layer of the DG were manually
counted under a fluorescence microscope with a 403 objective lens.
To examine the degree of neurogenesis (Figure 6H), BrdU (100 mg/kg) was
injected into DG-A::TeTxLC-tau-lacZ and wild-type litters from P15 to P22
(8 days total of injection). Horizontal brain sections from P23 animals were
stained with the anti-BrdU antibody as descried above.
DiI Labeling and Immunohistochemistry
Mice were euthanized and perfused with 4% PFA/PBS. Their brains
were dissected out and postfixed with 4% PFA/PBS for 1 hr at 4C. One-hun-
dred-micrometer thick horizontal sections were cut on a vibratome and stored
in PBS. Sections were placed in a drop of PBS on a 10mmPetri dish and chlor-
omethylbenzamido-DiI (CM-DiI; Invitrogen) coated Elvax (0.13 0.13 0.1 mm)
was placed onto the hilar region of the sections and left for 2 hr at 25C or for
16 hr at 4C. After CM-DiI coated Elvax was removed from the sections, the
sections were fixed again with 4% PFA/PBS for 1 hr; blocked in 2% BSA,
2% goat serum, and 0.1% Triton X-100 in PBS for 1 hr; and incubated with
the anti-b-gal antibody at 4C for 16 hr. Anti-mouse IgG1 Alexa Fluor 488
was used as the secondary antibody. Stained sections were mounted on
a slide with Prolong antifade reagent. Images were taken with an Olympus
confocal microscope using a 403 lens.
Image Quantification
For quantification of lacZ staining, color images taken by a digital camera
(E990 Nikon) with a dissecting microscope (Olympus) were converted to gray-
scale images and then inverted with ImageJ software (NIH). The average signal1140 Neuron 70, 1128–1142, June 23, 2011 ª2011 Elsevier Inc.intensity in the stratum lucidum layer of CA3 was calculated with ImageJ. The
average signal intensity in the stratum radiatum of CA3 in the same sectionwas
calculated and subtracted as the background.
For quantification of b-gal immunostaining with DG lines (Figure 5, Figure 6,
and Figure 8), images were acquired on a BX61 microscope (Olympus) with
a 203 objective lens using the same exposure time for each experiment.
The intensity of staining in the hilar region of the hippocampus was analyzed
with ImageJ software. The intensity in the neighboring area without stained
axons (in the stratum radiatum of CA3) in the same section was calculated
and subtracted as the background (see Figure S3B).Drug Treatments
Mice were anesthetized with ketamine/xylazine (60 mg/kg ketamine, 10mg/kg
xylazine) and placed in a hand-made frame, and their skulls were exposed. A
hole was generated with a 26G needle (1.2 mm from bregma, 1.0 mm lateral
from the midline, and 1.5 mm ventral from the skull surface for EC::TeTxLC-
tau-lacZ mice; 2 mm from bregma, 1.5 mm lateral from the midline, and
2 mm ventral from the skull surface for DG::TeTxLC-tau-lacZ mice) onto the
left hemisphere. Optimal locations were determined by preliminary experi-
ments with Trypan Blue injections. TTX (0.5 ml of 5 mMTTX in PBS) was injected
every 24 hr from P9 to P12, P14, or P16 (4, 6, or 8 days total of injection) with
a Hamilton syringe (75RN, 7762-03) mounted on a micromanipulator.
To suppress neurogenesis, AraCwas injected either i.c.v. or i.p. (i.c.v., 1 ml of
10 mg/ml AraC in PBS; i.p., 40 mg/kg body weight AraC in PBS; similar results
were obtained by either method) every day from P15 to P22 (8 days total). I.c.v.
injections were performed as described above. For i.p. injections, AraC was
injected every 12 hr. TMZ was injected i.p. everyday (25 mg/kg) from P15 to
P22 (8 days total). Mice were sacrificed at P23 and analyzed.Preparation of TTX-Elvax
TTX-Elvax was prepared as described (Echegoyen et al., 2007). Fifty milli-
grams of Elvax 40W (DuPont) was dissolved in five hundred microliters of
methylene chloride, then one milligram TTX (Tocris) was added. Evenly sus-
pended mixture solution was plated onto a slide glass and stored at 20C.
TTX-Elvax was sectioned to 500 3 500 mm blocks and washed in PBS at
room temperature 1 day before implantation.TTX-Elvax Implantation
P15 mice were anesthetized with ketamine/xylazine and placed in a hand-
made frame, and the skull was exposed. Three sides of a square, which is
located from 1.5 mm to 3.5 mm from the bregma and from 1 mm to
3 mm lateral from the midline on the skull, were cut (see Figure S3A), and
the skull flap was flipped. A 26G needle, which was bent 1.5 mm from the
tip to a 90 angle, was used to cut the same three sides on the exposed cortex.
The resultant cortical slab was lifted and TTX-Elvax or control Elvax was
placed on the hippocampus under the lifted cortical slab. The wound was
closed, and the animals were placed on a heated pad for recovery and
returned to their cages.Retrovirus Labeling of Newborn DGC Progenitors
P15micewereanesthetizedwithketamine/xylazine, and1ml ofGFP-expressing
retrovirus (Kron et al., 2010) was injected into both dentate gyri (1.6 mm poste-
rior to the bregma, 1.1mm lateral from themidline, and 2.3mm ventral from the
skull surface). The mice were perfused with 4% PFA/PBS at P23, and their
brains were processed for immunostaining (50 mm horizontal sections). Images
were taken with an Olympus confocal microscope using a 403 lens.Nestin-tk Transgenic Mice and Ganciclovir Treatment
Nestin-tk transgenic mice were described previously (Singer et al., 2009).
DG-S::TeTxLC-tau-lacZ double transgenic mice were mated with nestin-tk
mice to obtain triple transgenic mice (DG-S::TeTxLC-tau-lacZ::nestin-tk).
DG-S::TeTxLC-tau-lacZ and DG-S::TeTxLC-tau-lacZ::nestin-tk mice were in-
jected with 80 mg/kg ganciclovir i.p. once daily from P15 to P22. Horizontal
brain sections from P23 mice were processed for immunostaining.
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